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We analyze bacterial composition, diversity, geographical distribution, and their
community networks in lake water in three adjacent regions on the Qinghai-
Tibet Plateau (QTP). Results show that bacterial alpha-diversity indices are
much lower in the Hoh Xil (HX) than that in the Yellow River Headwater
(YRH) regions and the Qaidam (QD) region. The dominant phyla in QD and
YRH are Proteobacteria which account for 42.45 % and 43.64 % of all detected
phyla, while Bacteroidetes is the dominant bacterial taxa in HX (46.07 %).
Redundancy analysis results suggest that the most important factors in
driving bacterial community composition in the three regions are altitude
(@QD), total nitrogen (YRH), and pH (HX), respectively. Both environmental
factors and spatial factors significantly affect the bacterial community
composition in QD and HX, while only environmental factors are the major
drivers in YRH. Finally, network analyses reveal that the bacterial network
structure in QD is more complex than those in YRH and HX, whereas the
bacterial network in HX is the most stable, followed by those in QD and YRH.

KEYWORDS

bacterial community, lake ecosystem, Qinghai-Tibet Plateau, biogeographic patterns,
co-occurrence network

Introduction

The Qinghai-Tibet Plateau (QTP), considered as “the Third Pole”, is located in the
northwest of China with an average elevation of 3000 m. The climate is arid/semi-arid
with a mean annual precipitation less than 400 mm and an average annual air
temperature lower than 5°C (Liu et al, 2021). The lake ecosystem at the QTP is the
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largest and one of the most representative oligotrophic and
mesotrophic lake ecosystems in the world (Wen et al., 2019).
Large variations in water chemistry occur in the plateau lakes due
to incomplete water mixing over multi-year intervals (Wen et al,,
2019). Numerous bacteria are found in lake water bodies, which
are vital parts of the aquatic ecosystem and play important
functional roles in nutrient and energy cycling in the lakes
(Zinger et al., 2011; Chen et al, 2019; Zhang et al,, 2020b;
Wang et al., 2020; Xie et al,, 2020). For example, denitrifying
bacteria and anammox bacteria are related to nitrogen loss in
aquatic ecosystems (Wang et al., 2019). Many studies have been
conducted on the bacterial community harbored in the surface
water in areas of the QTP and it has been found that the bacterial
communities in these lakes are highly sensitive to environmental
differences such as salinity, elevation and human activities (Wu
et al.,, 2006; Xiong et al., 2012; Yang et al., 2016a; Liu et al., 2019¢;
Zhong et al,, 2016; Ji et al., 2019; Liu et al., 2021). For example,
recent studies have reported that water salinity is a major driving
force in shaping community structure of bacteria in the Tibetan
lakes (Xing et al., 2009; Liu et al., 2019a; Liu et al., 2020).

The Qaidam lake and the Qinghai lake, with hypersaline
(>35%) and saline water, a relatively low elevation (~3000 m),
affected by intensive human activities, are located at a gigantic
inland river region on the QTP (Supplementary Figure SI),
surrounded by the Kunlun, Riyue, and Qilian Mountains
(Zhong et al, 2016). Several studies have reported the
bacterial community structure and its influencing factors in
lake water bodies in the Qaidam region (QD) (Jiang et al,
2010; Wang et al.,, 2011; Yang et al., 2016b; Han et al., 2017;
Ren et al, 2017). A previous study reported that salinity, pH,
dissolved oxygen concentration and total nitrogen concentration
are the most important environmental factors that affect the
prokaryotic community in these lakes (Yang 2015).

The Yellow River Headwater region (YRH, Supplementary
Figure S1) has freshwater (salinity <1%), an average elevation of
4500 m (Luo et al, 2020) and less disturbance from human
activities. Only two studies have reported bacterioplankton in
lake waters within YRH. Previous research found that the
bacterial communities in water have a significant correlation
with water conductivity, total nitrogen, and total phosphorus in
the thermokarst lakes from the YRH region (Ren et al., 2021a).

One study has been undertaken to investigate the response of
archaea to climate change in Kusai lake at the northern Hoh Xil
which has
intermediate salinity (1% < salinity <35%) and an average
elevation of 4500 m (Yang 2015; Liu et al., 2019b).

These three neighboring regions, while being close

region (HX, Supplementary Figure S1), an

geographically, are characterized by significantly different
environmental conditions, providing an opportunity to study
the differences of bacterial communities and their driving forces
in these three typical habitats (Li et al., 2020). In this study, we
systematically examine the bacterial diversity and community
composition, their geographical distributions, and co-occurrence
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network in the three regions using 16S rRNA gene sequencing.
The objectives of our investigation are: 1) to analyze the
differences in bacterial diversity, community structure, and
biomarkers in the lakes in the three distinct regions, 2) to
identify contributions of environmental and spatial factors to
variations of bacterial community composition in the three
regions, and 3) to reveal bacterial co-occurrence patterns in
each region. The results of this study provide insight into
differences of bacterial features at the regional scale, and
provide guidance for the protection and management of the
plateau lake ecosystems.

Materials and methods
Sampling and processing

About 5L surface (top 0.5 m) water samples were obtained in
three replicates at each sampling point of the 19 investigated
lakes including six lakes in QD, seven lakes in YRH, and six lakes
in HX in June 2020. For larger lakes more than two sampling
points were chosen at different functional (i.e., central-C/shore-S,
or inlet/outlet areas) zones (Figure 1 and Supplementary Table
S1). The lakes were selected to cover most of the major lakes in
each region. Water samples were saved in sterile narrow-necked
glass bottles and immediately kept in a portable refrigerator.
After mixing the 5L of water from each sampling point, about 3L
of water sample was filtered through 0.22 pm pore polycarbonate
membrane (47 mm, Millipore S-Pak, Germany) using a vacuum
pump within 12 h. Filters were transferred into 50 ml sterile
conical centrifuge tubs, and then stored at —20°C in a portable
refrigerator until transported back to our laboratory for total
DNA extraction. The residual water samples were saved at dark
and cold conditions at 4°C until they were used for
physicochemical parameter analyses.

Water sample analysis

At each sample site, water temperature (Temp), pH,
dissolved oxygen (DO), salinity (SAL), electrical conductivity
(EC), oxidation-reduction potential (ORP), turbidity (NTU), and
Chlorophyll-a concentration (Chl-a) were measured in-situ using
a portable multi-parameter water quality monitor (EXO™?
Sonde, SY1, United States). Additionally, total nitrogen (TN),
ammonia nitrogen (NH,"-N), nitrate nitrogen (NO; -N), nitrite
nitrogen (NO,-N), and total phosphorus (TP) of the water
samples were analyzed using standard methods as described
in previous studies (Zhao et al, 2017; Meng et al, 2020).
After filtered through a 0.45 pm membrane, concentrations of
dissolved organic carbon (DOC) in water samples were measured
according to the Chinese National Standard HJ 501-2009 by a
TOC elemental analyzer (TOC-L, Shimadzu, Japan). Geospatial
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% Administration Center

parameters, such as longitude, latitude, and altitude were
recorded with a portable global position system where water
samples were collected (GPS-China), which were used to
calculate the Euclidean distance between sampled sites for
analysis of the spatial patterns (Mora-Ruiz et al, 2018). All
these detected environmental parameters were measured three
times and the average values were used for subsequent analysis.

DNA extraction, 16S rRNA genes
amplification and sequence
bioinformatics analysis

The total DNA information of microbial community in
each water sample was extracted using the CTAB methods
(Kubo et al., 2014). DNA was purified using 1% (w/v) agarose
gel electrophoresis for further amplification reactions. The
fragment of V4 region of bacterial 16S rRNA genes were

amplified using the universal primers 515F (5'-
GTGCCAGCMGCCGCGGTTA-3')  and  806R  (5'-
GGACTACHVGGGTWTCTAAT-3") (Caporaso et al,

2010). All DNA PCR reactions were carried out in a 50 pl
reaction volume, containing 25 ul of 2x Taq PCR mix, 3 ul
Primer F (10 uM), 3 pl Primer FR (10 pM), 3 pl diluted DNA
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Locations of studied lakes and sampling sites on the Qinghai-Tibet Plateau.
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and 16 pl double distilled H,O. The cycling processes include
pre-denaturation for 60 s at 98°C, followed by 34 cycles of
denaturation at 94°C for 60s, annealing at 57°C for 45s,
extension at 72°C for 60 s, and a final extension at 72°C for
10 min. After the amplification reactions, PCR products were
checked in 2% (w/v) agarose gel by electrophoresis and
purified using AxyPrep DNA gel extraction Kit (AxyGEN,
Union City, CA, United States). Amplicons were stored
at —20°C and sequenced on an Illumina HiSeq platform
using the 2bp x 250bp paired-end read protocol at
Novogene bioinformatics technology Co., Ltd. (Beijing,
China). The raw sequencing data of each sample were
trimmed and merged using Trimmomatic (v.0.33) and
FLASH (v1.2.7, http://ccb.jhu.edu/software/FLASH/) (Wang
et al,, 2021). The low-quality sequencing data with average
quality scores less than 20 and with a sequence length less than
75% of the tag length were removed from the obtained raw
sequence. Subsequently, the corrected were
arranged into the
(OTUs) at a 3% threshold of sequence dissimilarity level
(OTUpo3) using UPARSE (v7.0.1001, http://www.drive5.
com/uparse/) and the singletons were removed. The
sequences each OTU were packed for
annotating corresponding taxonomic information using the

sequences

same operational taxonomic units

effective for

frontiersin.org


http://ccb.jhu.edu/software/FLASH/
http://www.drive5.com/uparse/
http://www.drive5.com/uparse/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1033160

Wang et al.

SILVA v138 high quality ribosomal RNA database by the
ribosomal data project (RDP) classifiers (threshold 0.8)
using the “cluster” command in MOTHUR (Zhao et al,
2016; Jiao et al, 2020). The raw sequencing data were

submitted to the NCBI (http://www.ncbinlm.nih.gov)
Sequence Read Archive wunder Bioproject number
PRJNA728144.

Statistics analysis

Non-parametric (Kruskal-Wallis) test was employed to test
the difference of physicochemical parameters of water. Before
performing sequence statistical analysis, the number of
sequences was normalized by the sample with the smallest
number (60779) of sequences (Zhong et al, 2016). Hill
numbers including Richness index, Shannon index, Simpson
index and Pielou evenness index were calculated to evaluate
the a-diversities of bacterial communities in each geographical
region (QD, YRH, and HX) using the packages of “hilldiv” (Hill
1973; Chao et al.,, 2010). The Mann-Whitney U test was used to
examine the difference of alpha diversity between any two
regions and the results of p-value < 0.05 were considered as
significant (Li et al., 2019). The rarefaction curves were used to
identify the sampling depth of a community, and to evaluate the
reliability of sequences data of each water sample (Mania et al.,
2019). The Pearson’s and Spearman’s correlations between
environmental factors and alpha-diversity indices and relative
abundances of top 10 phyla in the bacterial community in the
three regions were calculated respectively using the “vegan”
packages.

Principal coordinate analysis (PCoA) and permutational
of variance (PERMANOVA) were
performed to reveal the regional differences in bacterial

multivariate analysis

community structures based on the Bray-Curtis distance (Xia
et al, 2020). We used permutation multivariate dispersion
(PERMDISP) to test the dispersions of the data (Banerjee
et al., 2019; Cadena et al, 2019). The taxa of the water
bacterial biomarkers were identified using linear discriminant
analysis (LDA) and the effect size algorithm (LEfSe) in the
Novogene analysis platform. Variance inflation factors (VIFs)
were used to identify the multi-collinearity among abiotic factors.
Based on the results of calculated detrended correspondence
analysis (DCA), the abiotic factors with VIFs values less than
10 were selected for redundancy analysis (RDA) to investigate the
relationship between environmental factors and bacterial
2019).
used to evaluate the

community composition (Zeng et al, Variation
(VPA)

importance of water physicochemical and geographical factors

partitioning analysis was
in determining bacterial community composition with spatial
factors generated using the principal coordinates of neighbor
matrices (PCNM) analysis (Liu et al, 2020). Furthermore,
Mantel and partial Mantel tests with 999 permutations were
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performed to test the contributions of water physicochemical/
geospatial factors to the bacterial community composition
variability in each region (Li et al, 2019).The geographic
the
community for two pairing sampling points were calculated to

distances and Bray-Curtis  similarity of bacterial
reveal the distance decay patterns of bacterial community
structures in the three regions and all regions using the
“geosphere” and “vegan” packages (Zeng et al., 2019).

For bacterial networks, only OTUs with average of relative
abundance larger than 0.01% that exist in at least 50% of all
samples in each region were chosen to construct the bacterial
network (Zeng et al., 2019). Furthermore, the relationships
between OTUs with Spearman’s correlation coefficient r >
0.8 or r < —0.8 and Benjamini-Hochberg p < 0.01 were selected
for network construction (Zhao et al., 2016; Ji et al., 2019; Ren
etal, 2021b). Networks were analyzed and visualized using the
“igraph” package and Gephi platform (https://gephi.org/)
(Zhou et al, 2019). Mean degree, clustering coefficient,
modularity, average path length, network diameter, graph
density, and robustness were calculated to describe
topological characteristic of the networks. The nodes in
OTUs the

relationships between two OTUs. Mean degree is the

networks represent and edge represent
average number of connected edges of each node (Jiao et al.
, 2020). Clustering coefficient refers to the degree of nodes
which tend to cluster together in network. Modularity is the
degree that a network can be divided into modules. A
modularity value larger than 0.4 indicates that network
have a modular structure (Jiao et al., 2020; Tu et al., 2020).
Average path length and network diameter are the mean of the
length of the shortest path and the largest distance between
any two nodes in a network, respectively (Banerjee et al., 2019;
Jiao et al.,, 2020). Graph density is the ratio of the edge number
over the possible edge number (Jiao et al., 2020). Robustness
and vulnerability are estimated to reflected network stability
(representing the ability of network to resist external
interference) by randomly removing 50% of nodes and the
nodes with maximal vulnerability in each region (Chen and
Wen 2021; Liu et al., 2022).

We used among module connectivity (Pi) and within module
connectivity (Zi) plot to reveal the topological roles of network
nodes (Jiao et al., 2020). According to the values of Zi and P4i, all
OTUs in network could be divided into peripherals (Pi < 0.62;
Zi < 2.5), connectors (nodes in networks connecting different
modules, Pi > 0.62; Zi < 2.5), module hubs (highly connected
nodes in modules, Pi < 0.62; Zi > 2.5), and network hubs (highly
connected nodes in network, Pi > 0.62; Zi > 2.5) (Deng et al,,
2012; Li et al, 2021). Network hubs, module hubs, and
connectors are defined as keystones in network, so OTUs
associated with these nodes are considered as the keystone
species in the bacterial community (Olesen et al., 2007). All
the above analyses are calculated in R (v. 4.1.3) except the LEfSe
analysis.
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TABLE 1 Water physicochemical parameters of three regional groups on the QTP in July 2020. The data represent the mean values of samples in each
regional group with standard deviation.

Parameters (units) QD mean + SD YRH mean + SD HX mean + SD p
Min—Max Min—Max Min—Max

Temp 1122 + 317 10.25 + 2.64 7.14 + 4.67 <001

(C) 548-18.17 6.63-15.27 1.78-17.09

pH 9.41 + 0.38 9.30 + 0.10 9.59 + 0.40 > 0.05

— 8.80-10.10 8.53-9.83 9.03-10.16

DO 589 + 1.88 7.25 +1.92 6.74 + 1.15 > 0.05

(mg. L) 1.56-8.56 3.02-10.04 4.59-9.93

EC 24.06 + 24.71 0.82 + 1.33 3.88 + 3.06 <0.001

(mS.cm™) 0.23-75.10 0.27-5.96 0.40-11.05

ORP 153 + 208 114 + 55 79 + 32 <0.05

(mV) ~108-814 -83-167 -23-118

TDS 20562 + 21167 771 + 1327 4111 + 3343 < 0.001

(mg. L) 200-63275 244-5886 397-11490

Turb 113.87 + 143.49 58.26 + 92.36 106.09 + 182.48 > 0.05

(NTU) 1.84-482.18 2.45-371.52 1.23-655.75

SAL 21.27 + 23.50 0.62 + 1.15 350 + 2.98 < 0.001

(ppt) 0.15-69.88 0.18-5.06 0.3-10.33

Chl-a 8.71 + 15.60 341 + 546 171 + 1.37 > 0.05

(ug L) 0.41-68.17 0.52-22.71 0.53-4.49

TP 0.02 + 0.01 0.05 + 0.13 0.05 + 0.14 > 0.05

(mg. L) 0.01-0.05 0.01-0.55 0.01-0.54

N 1.86 + 1.05 1.03 +0.22 0.81 + 0.27 < 0.001

(mg. L) 0.56-4.60 0.67-1.44 0.52-1.49

NH,*-N 0.17 + 0.01 0.11 + 0.06 0.07 + 0.02 <0.001

(mg. L") 0.06-0.39 0.05-0.25 0.04-0.12

NO;™-N 032 +0.28 0.13 +0.16 0.06 + 0.06 <0.01

(mg. L") 0.001-1.17 0.004-0.72 0.006-0.20

NO,-N 0.003 + 0.003 0.002 + 0.001 0.001 + 0.001 <0.01

(mg. L) 0.001-0.016 0.001-0.005 0.001-0.003

DOC 9.57 + 6.61 407 + 1.83 242 + 125 < 0.001

(mg. L) 0.85-22.66 1.31-7.35 0.83-5.05

Temp, DO, EC, ORP, TDS, turb; SAL, Chl-a, TP, TN, NH,"-N, NO; -N, NO, -N, and DOC represent temperature, dissolved oxygen, electrical conductivity, oxidation reduction potential,
total dissolved solids, turbidity, salinity, chlorophyll-a, total phosphorus, total nitrogen, ammonia nitrogen, nitrate nitrogen, nitrite nitrogen, and dissolved organic carbon, respectively. The
mS.cm™ and the NTU are the abbreviations of MiliSiemens.cm ~' and nephelometric turbidity unit. Bold indicates significant differences of environmental parameters among three regions
using the Kruskal-Wallis test. QD: The Qaidam region; YRH: The yellow river headwater region; HX: The hoh xil region.

Results and TDS were significantly higher in QD compared to those in
YRH and HX (p < 0.05), while no significant differences of pH,

Physicochemical properties of lake water DO, and Turb were found in the three regions (p > 0.05).
in the three regions Moreover, DOC content in QD varied over a wide range from
0.85 to 22.66 mg/L, but less so in YRH (1.31-7.35 mg/L) and

The values of fifteen physicochemical factors for all water HX (0.83-5.05mg/L). Mean concentrations of TN and TP

samples in the three regions were summarized in Table 1. showed remarkable differences among the three regions (p <
Significant differences in water physicochemical parameters 0.001). In summary, environmental parameters suggested a
were observed in the three regions. Specially, Temp, EC, ORP, large habitat heterogeneity across the three regions.

Frontiers in Environmental Science 05 frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1033160

Wang et al. 10.3389/fenvs.2022.1033160
wn P
1 —_—
s -
r 1 i
% 3004 ,é\
e 3000 _,E b
A £
= =}
S £
& £ 2004
5 a
2 5
S
2000
Z :
= z
T £ 100
L3
1000 —oossolosse—
) o]
QD YRH HX QD YRH HX
ns Ll
| |  ——|
801 s 0.8 *
I 1 1
ns ns
1 1
3 !
s ﬁll"
= =}
S £ 0.6-
2 . %
@40- [ ] g
5 5
2 H
) =
= o
z 3 &
= L]
T 204 0.4
* .
(}4‘
QD YRH HX QD YRH HX

FIGURE 2

Boxplots showing the comparisons of alpha-diversity indices based on Hill numbers in the three regions. *, **, and *** represent the significant
level of p < 0.05, p < 0.01, and p < 0.001 using Maun-Whitney U test., respectively. The ns indicates no significant difference in two regions.

Bacterial diversity and composition in the
three investigated regions

Analysis of rarefaction curves confirmed that the samples
were able to represent the species of each lake (Supplementary
Figure S2A) with the observed species numbers reach plateaus.
After checking and removing the low-quality sequences, a total
number of 4,843,690 effective reads were obtained from all water
samples in the three regions. These effective reads were clustered
into a total of 20,222 OTUs distributed among 83 phyla. As
shown in Supplementary Figure S2B, the total number of OTUs
for QD, YRH, and HX regions were 9,594, 6,868, and 3,760,
respectively. According to Supplementary Figure S2B, the
proportion of shared OTUs numbers was 13.28% in the three
investigated regions. The proportions of shared OTUs numbers
were 26.07% between QD and YRH, 22.57% between QD and
HX, and 29.71% between YRH and HX, respectively. The
proportions of unique OTUs were 24.60% in QD, 10.41% in
YRH, and 1.35% in HX.

Comparison analysis of four alpha diversity indices in the
three regions, including the Hill Richness, Hill Shannon index,
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Hill Simpson index and Pielou’s evenness index, were
presented in Figure 2. The highest Hill Shannon index, Hill
Simpson index, and Pielou’s evenness index indicated high
diversity and even distribution of the bacterial community in
YRH. The highest Hill Richness reflected high abundance of
bacterial in QD. The four alpha diversity indices of bacterial
community were the lowest in HX (Figure 2). The indices for
the bacterial community in HX were significantly lower than
those in QD and YRH except the Hill Simpson index (Mann-
Whitney U test p < 0.05). The four alpha diversity indices in
QD and YRH did not have significant differences (Mann-
Whitney U test p > 0.05).

The top 10 phyla consist of Bacteroidetes (mean relative
abundance, QD = 21.12%, YRH = 19.46%, and HX = 46.06%),
Proteobacteria (QD = 42.45%, YRH = 43.64%, and HX =
38.13%), Cyanobacteria (QD = 3.5%, YRH = 20.57%, and
HX = 4.47%), Firmicutes (QD = 12.13%, YRH = 1.24%, and
HX = 0.99%), Actinobacteria (QD = 15.07%, YRH = 8.08%,
and HX = 8.69%), Verrucomicrobia (QD = 1.27%, YRH =
3.48%, and HX = 1.04%), Planctomycetes (QD = 0.59%, YRH =
1.29%, and HX = 0.16%), Acidobacteria (QD = 0.41%, YRH =
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FIGURE 3

Principal coordinate analysis (PCoA) showing the compositional difference of bacteria community in the three regions based on the OTU level.

0.61%, and HX = 0.08%), Chloroflexi (QD = 0.78%, YRH =
0.57%, and HX = 0.09%), and Gemmatimonadetes (QD =
0.28%, YRH = 0.25%, and HX = 0.05%) (Supplementary Figure
S3A). Proteobacteria was the dominated phylum in QD and
YRH, while Bacteroidetes was the dominated phylum in HX.
exhibited
compositional differences at different sample points within

Meanwhile,  bacterial =~ communities  also
the same lake. For example, the dominant phylum at QHL4
(sampling point 4 of the Qinghai lake) was Firmicutes
(64.36%), Proteobacteria (42.62%) at QHL6
(Supplementary Figure S4), which suggested that the

distributions of bacteria was heterogeneous in larger lakes.

but was

The results of PCoA indicated that bacterial community
compositions tend to cluster together in each region and the
first two axes of the PCoA contributed 19.06% and 12.78% of
the variance observed among three regions. PERMANOVA
results also supported this observation and confirmed
the
compositions among three regions (Figure 3).
comparison with PERMDISP indicated that
community compositions of lakes were significantly
different between QD and YRH (F = 16.25, p = 0.001), and
QD and HX (F = 11.15, p = 0.004). It is suggested that bacterial
community in QD had different spatial dispersion compared

significant  differences of Dbacterial community
Pairwise

bacterial

with  YRH and HX. However, there were insignificant
difference between YRH and HX (F = 1.24, p = 0.282),
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indicating homogenous dispersion of bacterial community
composition in these two regions.

Four phyla, eleven orders and nine families were screened
out across all water samples for determining the indicator and
biomarkers of bacterial communities using the LEfSe
algorithm (Figure 4A). At the phylum level, Firmicute was
the
Verrucomicrobia were two phyla indicators in YRH, and
the in HX. There
10 biomarkers (taxonomic) in YRH,

found as indicator in QD, Cyanobacteria and

Bacteroidetes was indicator are
14 biomarkers in
QD, and 19 biomarkers in HX (i.e., colored circles in
Figure 4A) with significantly different abundances identified

(Figure 4B).

Effects of environmental parameters on
bacterial diversity and composition in the
three regions

Pearson’s correlations between bacterial alpha diversity
indices and environmental variables of sampled lakes for all
three regions were calculated as shown in Supplementary
Figure S5. For all three regions, bacterial diversity and
with altitude and
pH (p < 0.01), but positive relationships with longitude,

Temp, ORP, TN, DOC, and NH,"-N (p < 0.05). The

richness had negative correlations
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level to the species level); (B) Linear discriminant analysis (LDA) of effective size of bacterial communities in the three regions.

environmental variables influencing bacterial diversity indices
in each region were different. Latitude, DO, and altitude had
significant negative relationship with bacterial richness and
diversity, whereas Temp, ORP, Chl-a, and DOC showed
positive relationship with bacterial richness and diversity in
QD. In YRH, longitude, altitude, EC, TDS, and SAL had
significant influences on bacterial diversity and richness.
DO, EC, TDS, SAL, pH, and Chl-a were the significant
factors in affecting bacterial diversity and richness in HX.
Results of redundancy analysis revealed that 40.94%, 52.92%,
and 73.84% of the total variability of bacterial community in QD,
YRH, and HX were explained by the first two principal
components (RDA1 and RDA2, Supplementary Figure S7).
Among all environmental factors assessed, altitude (envfit test:
> =0.513, p = 0.003), TN (envfit test: r* = 0.436, p = 0.021), and
pH (envfit test: r* = 0.702, p = 0.003) had the greatest impact on
community structure of bacterial in QD, YRH, and HX,
respectively (Supplementary Figure S7). Combining water
samples from all of the three regions, the first two principal
components in RDA explained 37.59% of the overall variability
of bacterial community structure and altitude had the greatest
influence on the bacterial community structure (envfit test: r* =
0.702, p = 0.001). To decouple the effects of geographical factors
on water bacterial
compositions, variance partition analysis (VPA) was
performed at the OTU level. The results showed that

and water physicochemical factors
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Water
physicochemical
factors

30.20 %

Geographical
factors

12.40 %

14.04 %

Residuals = 43.36 %

FIGURE 5

Variation partition analysis (VPA) diagram of geographical
factors and water physicochemical factors in determining bacterial
composition variations.

physicochemical properties of water had larger effects on water
bacterial abundances (30.20%) compared to geographical factors
(14.04%, Figure 5). Additionally, Mantel and partial Mantel tests
confirmed that the bacterial community composition in QD and HX
regions were related to both geographical factors (QD: r = 0.221; p =
0.018 and HX: r = 0.505; p = 0.001) and water physicochemical
factors (QD: r = 0.420; p = 0.001 and HX: r = 0.536; p = 0.001,
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FIGURE 6

The relationship between bacterial community similarity (Bray-Curtis) and geographic distance (Euclidean distance) between any two sampling

sites in each region.

Supplementary Table S2). However, the geographical factors showed
insignificant impact on bacterial community structure in YRH
(Supplementary Table S2), which might be due to the small
geographical range of the sampled lakes in this region. It was
worth noting that the contribution of uncertain factors reached
43.36%, implying that some unmeasured environmental factors
might be vital as well in affecting the bacterial community
composition of the lakes (Williams 1998; Chakraborty et al.,
2020; Gu et al.,, 2020; Liu et al., 2021).

Distance decay patterns of bacterial community are the
results of environmental filtering (environmental factors) and
dispersal limitation (geographic factors). In general, the slope
of the distance decay relationship can reflect the turnover rate
of bacterial community spatially. Our results showed that the
Bray-Curtis similarity of bacterial communities in each region
decayed with geographic distance. This suggested that the
bacterial community was not randomly dispersed in each
region. The slope in HX was the steepest compared to
those in QD and YRH (Figure 6), which indicated that
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there was the highest turnover rate of Dbacterial

communities in HX.

Bacterial networks in the three regions

To explore the relationship among OTUs, we constructed
networks in each region using species-species correlations and
calculated characteristic values of network topology, as shown in
Figure 7 and Supplementary Table S3. Bacterial networks in the
three regions consisted of 196 nodes and 812 edges (QD),
135 nodes and 421 edges (YRH), and 102 nodes and
329 edges (HX), respectively (Figure 7). Overall, there were
more positive relationships than negative ones in each region,
which suggested that taxa tended to co-occur rather than exclude
each other. Zi-Pi plots showed that Firmicutes and Bacteroidetes
phyla were the keystone taxa (module hubs) in QD and HX, but
the nodes in YRH did not reach the threshold for module hubs.
There were 29, 20, and 20 connectors in QD, YRH, and HX.
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FIGURE 7

The co-occurrence networks among OTUs (left panel) and
Zi-Pi plot showing the distribution of OTUs (right panel) in the
whole and the three regions based on Spearman’s rank
correlations (r> 0.8 orr < —0.8 p < 0.01) and their topological
roles, respectively. The size of each node is proportional to the
number of connections (i.e., degree), and the nodes are colored
according to different types of modularity classes. Each node
represents an OTU. Edges with green or red colors represent
positive or negative relationship between any two OTUs.

Furthermore, the results demonstrated different topological
characteristics among the three regions and the network in QD
was more complex than those in YRH and HX (represented by
numbers of nodes and edges) (Wang et al., 2021). The bacterial
community had the highest robustness and lowest vulnerability
values in HX (Supplementary Table S3). This indicated that the
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bacterial network in this region was more stable compared to
those in the other two regions.

Discussion

Relationship between bacterial alpha
diversity and environmental factors and
their differences in the different regions

There are significant differences in salinity in the three
regions (averagely 21.27 ppt in QD, 3.50 in HX, and 0.62 in
YRH), and we suspect that salinity is the main driving force on
the bacterial diversity in the three regions as also suggested in
previous studies (Yang et al., 2016a; Zhong et al., 2016). Salinity
had different effects on the bacterial diversity indices of lakes in
QD, YRH, and HX according to our data (Supplementary Figure
S5). Salinity was positively correlated with bacterial alpha
diversity in QD, but negatively correlated with bacterial alpha
diversity in YRH and HX regions (Supplementary Figure S5).
The response of bacterial abundance and diversity to changes in
salinity in YRH and HX regions follows the “general survival
theory” that more extreme habitats lead to loss of microbial
diversity. Generally, higher salinity in habitats increases
extracellular osmosis pressure in bacteria, making the bacteria
less active or even leading bacterial death. These further lead to
loss of bacterial richness and diversity (Mo et al., 2021). However,
the positive relationship between bacterial alpha diversity and
salinity in QD is not consistent with the “general survival theory”.
Possible explanations are as follows: 1) the niche availability for
halotolerant bacterial in lakes in QD increased with increasing
salinity (Wang et al,, 2011); 2) some bacterial groups can adapt to
the high salinity habitats in lakes in QD which have survived
under the stress of extreme salinity for a long time (Mo et al,
2021).

Bacterial community composition and
drivers

Our data showed that the top four bacteria phyla were
Proteobacteria (42.43%), Bacteroidetes (21.51%),
Actinobacteria (15.07%), and Firmicutes (12.13%) in QD,
Proteobacteria (43.64%), Cyanobacteria (20.57%),
Bacteroidetes (19.46%), and Actinobacteria (8.08%) in YRH,
and Bacteroidetes  (46.07%), Proteobacteria  (38.13%),
Actinobacteria (8.70%), and Cyanobacteria (4.48%) in HX
(Supplementary Figure S3A). The relative abundance of
Proteobacteria in the three regions was relatively high, which
indicated that Proteobacteria were not sensitive to the extreme
habitat of the plateau. This was consistent with the result of many
previous studies which found Proteobacteria to be the dominant
phylum in lakes (Jiang et al., 2019; Chakraborty et al., 2020). The
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relative abundance of Proteobacteria in HX was lower than those
in QD and YRH (Supplementary Figure S3A). As shown in
S8, the
Proteobacteria in QD and YRH were significantly correlated
with ORP and NO; -N, and with TN and NO;-N in HX. In
addition, the concentrations of ORP and NO;-N in QD and
YRH were significantly different and the TN and NO;-N
concentrations in HX were lower than those in QD and YRH

Supplementary ~ Figure relative abundances of

(Tablel). Therefore, the difference in the relative abundance of
Proteobacteria in the three regions might be caused by the
ORP, NO;-N, and TN

concentrations in different regions.

significant  differences  in

Bacteroidetes was the most abundant phylum in HX possibly
because protorhodopsin in their cells could enhance their
adaptability to the oligotrophic conditions of lakes in HX
(Wang et al.,, 2020). The relative abundances of Actinobacteria
in YRH and HX regions were similar, but were lower than that in
QD. The relative abundance of Actinobacteria had significant
negative relationships with DO and pH, but significant positive
relationships with SAL, DOC, and TN (Supplementary Figure
S8). Thus, the lower DO concentration and higher
concentrations of SAL, DOC, and TN in QD may be
beneficial to the survival of Actinobacteria leading to their
higher relative abundance. It is worth noting that the relative
abundance of Firmicutes, which can be used as an indicator of
fecal pollution, is relatively high in the Qinghai lake, the Tuosu
lake, and the Kelvke lake in QD (Supplementary Figure S6),
implying that water quality of these lakes are threatened by
livestock fecal (Zhang et al., 2020a). The concentrations of TN
and NO;™-N in these three lakes are the highest when compared
with all other sampling sites in QD (Supplementary Table S1).

At the class level, the dominant bacteria in the QD and YRH
regions were Gamma-proteobacteria, and the dominant bacteria
in HX was Bacteroidia (Supplementary Figure S3B). The class of
Gamma-Proteobacteria, one member of Proteobacteria phyla,
was known as the typical anti-disturbance taxa and the most
abundant class present in eutrophic lakes, which contributed to
nitrogen fixation, sulfur metabolism, methane metabolism, and
salinity reduction of brackish lakes (Zhang et al, 2020b;
Chakraborty et al, 2020; Wang et al, 2020). However,
previous research reported that the dominant species was
Beta-proteobacteria (37.2%) in a Tibet glacial stream and lake
(Gu et al., 2020). Further analysis of the differences between the
bacterial habitats in our study and in Gu et al. (2020) showed that
the mean water temperature, TN, and DOC concentrations in
QD and YRH regions were higher than those in Gu et al. (2020).
We suspect that the inconsistency of the results may be due to the
differences in habitat conditions, hydrological characteristics,
and recharge water sources (Freimann et al,, 2015).

Consistent with previous studies (Zhong et al., 2016; Gu et al.,
2020; Tolotti et al.,, 20205 Yang et al., 2020), our findings showed
that altitude, TN, and pH were the most important factors in
determining bacterial composition variations in the three
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regions. In general, the effect of different altitudes on bacterial
community structure is manifested in two aspects. Firstly, the
changes in altitude lead to changes in the physicochemical factors
of water (such as water temperature and DO concentration)
(Supplementary Figure S5). Secondly, geographic isolation
between habitats caused by altitude hinders the dispersal of
bacteria between habitats, resulting in differences in bacterial
community between lakes (Zhang et al., 2020¢; Shi et al., 2020). It
could be seen that altitude and the related environmental factors
had significant correlations with the bacterial abundance of lakes
in QD from Supplementary Figure S8. It is likely that the
altitudinal effect on bacterial community structure of lakes in
QD is through changing physicochemical properties of the lake
water bodies. TN was the most robust driver in determining
bacterial community composition in the investigated lakes in
YRH (Supplementary Figure S7). Nitrogen is considered as the
most important macronutrient for bacterial cellular processes
(i.e., photosynthesis, respiration, energy storage and transfer, and
cell division) responsible for primary production and formation
of algal blooms (Wang et al., 2020; Xia et al., 2020). Variance of
bacterial community structure in HX was mainly driven by
pH (Supplementary Figure S7). The variations of pH value
can alter the availability of nutrients and the characteristics of
DOC in the habitat, and therefore affect the growth and
metabolism of heterotrophic bacteria (Wang et al., 2020).

Biogeography distribution patterns and
their differences in the different regions

With the increases of geographical distances, the Bray-Curtis
similarity of bacterial communities decreased significantly in
each region and in all the three regions (Figure 6). This was
consistent with a previous study which reported geographic
patterns of bacterial community in 23 lakes on the western of
the Tibetan Plateau (Liu et al, 2020). However, the spatial
turnover rate (represented by the slope of the fitted curve:
0.55) of bacterial community in our study was much higher
than that in Liu et al. (2020), which was 0.14, indicating that
bacterial community of lakes in this study are subject to stronger
dispersal limitation and environmental filtering (Liu et al., 2018).
The salinity gradient (0.15-69.88) between lakes in our study was
larger than that in Liu et al. (2020) (0.01-47.8), and range of
geographical distance in our study (1.4-799 km) is smaller than
that in Liu et al. (2020) (0.5-1000 km). This indicated that the
effects of salinity gradient on the bacterial community geographic
patterns in the plateau lakes was greater compared to
geographical distance, which was further supported by VPA
results (Figure 5).

Further analysis of the distance decay relationship of
bacterial community in each region showed that the order of
bacterial community spatial turnover rate in the three regions
were as follow: HX > YRH > QD (Figure 6), indicating that the

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1033160

Wang et al.

bacterial community in HX was highly sensitive to changes in
geographical factors and water physicochemical factors
compared to those in YRH and QD. This could be further
confirmed by the Mantel and Partial results (HX: Mantel r =
0.469; YRH: Mantel r = 0.369; QD: r = 0.434, Supplementary
Table S2). Furthermore, our result showed that the variation of
salinity in QD was largest, followed by HX and YRH regions and
only changes of Temp and Turb in HX were largest (Tablel),
which implied that the higher bacterial community spatial
turnover rate in HX was related to the higher Temp and Turb
gradients. Interestingly, the spatial turnover rate of bacterial
community in QD was the smallest, while the correlation
coefficient between bacterial community and environmental
factors in QD was greater than that in YRH. Therefore, we
speculated that it might be attributed to larger hydraulic
connectivity of different sampling lakes in QD (Figure 1).
Larger hydraulic connectivity created more homogenous
environmental conditions for bacteria among different lakes,
which led to less taxonomic differences spatially in QD (Liu
et al.,, 2018).

Co-occurrence network of bacterial
community and their differences in the
different regions

Bacterial interactions play key roles in affecting bacterial
community composition and its geographical distribution. We
constructed bacterial networks to analyze the relationship
between bacterial species as well as their ecological roles (Liu
et al,, 2020). The value of topological parameters reflects the
complexity of network. The positive relationships represent
mutual symbiosis and parasitism relationships and the
negative correlations reflect predation and competition among
bacterial species (Mo et al., 2021; Wang et al., 2021). We found
that the proportion of positive correlations (99.74%) between
bacterial species in the plateau lakes was much higher than the
proportion of negative ones (0.26%), which indicated that there
was niche sharing among bacterial species in the plateau lakes
(Zeng et al., 2019). Compared with the bacterial network in low-
altitude lakes (Jiao et al, 2020), the proportion of negative
correlations between nodes in bacterial network in high-
altitude lakes was smaller, indicating that there was less
competition among bacterial species in high-altitude lakes.
According to a previous study (Zeng et al., 2019), a higher
proportion of competitive correlations among bacterial species
may enhance the stability of the network under environmental
perturbations. Hence, bacterial networks in high-altitude lakes
may be more susceptible to environmental changes than bacterial
networks in low-altitude lakes.

Additionally, we found that the complexity of bacterial
network in QD was much higher than those in YRH and HX
regions by comparing the bacterial networks in the three regions.
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We speculate that there are several possible reasons for this. Frist,
the higher bacterial richness and diversity in QD can increase the
interaction between bacterial species and complicate their
network. Second, based on the findings of Ji et al. (2019), we
suggest that the high salinity of lakes in QD increase the
complexity of the bacterial network in their lakes. Complexity
of bacterial network was proposed to be affected by high salinity
through increasing cooperation or competition among bacterial
species (Yang et al., 2020).

Key species (nodes with the most connections to other nodes
in a network) in bacterial networks play an important role in
maintaining the network structure (Deng et al., 2012). Relevant
research results showed that removal or disappearance of key
species in bacterial network could cause the bacterial network
structure to change rapidly and even lead to network collapse
(Zhou et al., 2020). Our results showed that the key species in QD
and HX regions were Clostridia and Bacterodia, while the nodes
in the bacterial network in YRH did not reach the threshold for
This
disappearance of modules or decomposition of network in

key species. suggests an increased possibility of
YRH owing to the absence of key species. The key species of
the bacterial network in QD (Clostridia) can tolerate higher
salinity in the habitat and decompose carbohydrates into
organic acids. The protorhodopsin produced by the key
species of the bacterial network in HX (Bacterodia) helps it to
survive in the lakes in HX with low nutrient concentrations
(Tablel) and promote decomposition and fermentation of

organic matter in its habitat (Wang et al., 2020).

Conclusion

the differences
composition, geographical distribution, and their driving
factors in three distinct neighboring regions on the QTP. The

We analyzed in bacterial diversity,

results showed that alpha diversity indices of bacterial
community in HX were the lowest. The dominant species at
the phylum and class levels in QD and YRH were the same, but
with different relative abundances. The most abundant species in
HX at the phylum and class levels were Bacteroidetes,
Further,
of bacterial were significantly

Bacteroidia, and  Flavobacterium, respectively.
community compositions
different in QD, YRH, and HX, owing to environmental
heterogeneity in the three regions.

The most important factors in driving bacterial community
composition at QD, YRH, and HX were altitude, TN, and pH,
Both  water

geographical factors had significant impacts on bacterial

respectively. physicochemical factors and
community structure in QD and HX, but geographical factors
had very small impact on the bacterial community in YRH.
Correlation between geographical distance and bacterial
similarity in HX was stronger than those in QD and YRH.

Network analysis revealed that the bacterial community
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networks in the three regions were different in their structure,
complexity, and stability. Bacterial communities in QD and HX
had the most complex and stable networks, respectively.
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